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Thermally stimulated polarization current technique for measuring the 
electrical conductivity of vitreous solids 
Chi-Ming Hong and Delbert E. Day 
Ceramic Engineering Department and Graduate Center for Materials Research, University of Missouri-Rolla, Rolla, 
Missouri 65401 
(Received 22 January 1979; accepted for publication 27 March 1979) 
The electrical conductivity of glasses determined by TSPC agrees well with that measured by 
conventional ac or dc techniques. The TSPC technique is a rapid and easy method of measuring 
the dc conductivity over the range 10 ~ 15 -10 ~ 7 (D. cm) ~ I and is especially suited for conductivities 
< 10 . 12 (D. cm) I. Polarization at the electrodes is easily detected and avoided. 
PACS numbers: 72.80. - r, 66.30.Dn, 07.50. + f, 77.30. + d 
I. INTRODUCTION 
In most oxide glasses the electrical conductivity is due 
to ionic motion, primarily alkali ion movement. Several 
techniques 1-12 have been developed to measure the ac or dc 
conductivity, but these methods are not without limitation. 
The ac conductivity is generally measured using three or 
four terminal bridges, with and without guard rings. The 
minimum conductivity measurable with most commercial 
bridges is ~ 10 - \3 (n cm) - 1. Similarly, the dc conductiv-
ity is often determined by the time-consuming process of 
measuring the ac conductivity at several frequencies and ex-
trapolating the data to zero frequency. 
In a recent investigation 13 of thermally stimulated po-
larization currents (TSPC), it was found that the dc electri-
cal conductivity calculated from the TSPC was in quite good 
agreement with that determined by more-time-consuming 
techniques. In general, lower conductivities can be deter-
mined by the TSPC technique than by most ac methods, 
ranging from 10 - 15 to 10 - 7 (n cm) - 1. The lower limit is 
determined by electrometer sensitivity and background 
noise, whereas the upper limit is determined by polarization 
at the electrodes. 14 The advantages for the TSPC technique 
are that in the low-conductivity region 
[< 10 - 13 (n cm) - 1], where the time-dependent absorp-
tion current remains for relatively long times, the conductiv-
ity can be determined quickly and easily, and electrode po-
larization is easily identified. 
The purpose of this paper is to describe the TSPC tech-
nique and to present results for some glasses whose conduc-
tivity has been measured by this and other techniques. 
II. EXPERIMENTAL PROCEDURE 
The thermally stimulated polarization current tech-
nique is essentially a dc measurement with continuously 
varying temperature. Figure 1 schematically illustrates a 
typical TSPC curve obtained when a glass specimen is cooled 
to a low temperature (~100 OK), any convenient dc field is 
applied, and the specimen is heated at a constant rate 
(TSPC-1). If the specimen is then recooled to a low tempera-
ture with the field still applied and reheated again, the 
TSPC-2 curve is obtained. The low-temperature peak and 
current tail in the TSPC-1 curve are attributed to localized 
ion motion and are not used in calculating the conductivity. 
At higher temperatures, a large and reproducible current i is 
measured whose temperature dependency is 
i = io exp( - EaIRT), (1) 
whereEa is an activation energy, R is the gas constant, and T 
is in OK. Only the linear portion of the TSPC-2 curve in Fig. 1 
is used to calculated the dc conductivity (7 from the equation 
(7 = id IVA, (2) 
where i is the current at temperature T, V is the applied dc 
voltage, d is the specimen thickness, and A is the electrode 
area. Any significant space charge developed at the elec-
trodes is easily identified where the TSPC curve at higher 
temperatures deviates from Eq. (1); see Fig. 1. For heating 
rates of 0.05-0. 10 °Kls, this occurs at a conductivity of 
~1O -7(nCm) -1. 
This technique has been used to measure the dc conduc-
tivity offour sodium silicate (4,8, 12, and 25 mol% Na2 0), 
five lead silicate (30,35,40,45, and 50 mol% PbO), and four 
sodium borate (4,8, 12, and 16 mol% NaO) glasses. Disks 
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FIG. I. Schematic of typical TSPC curves and measuring circuit. 
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FIG. 2. dc conductivity of sodium silicate glasses determined by TSPC 
using various applied fields (Ep). For 4Na, O·96SiO, glass V-769 V fcm 
and .-2645.5 V fcm; for 25Na, O·75SiO, glass _52.S V fcm, + -130 
V fcm, and 0 = 777.S V fcm. 
annealed specimens of each glass and gold electrodes, 0.635 
cm in diameter, evaporated onto opposite sides of each disk. 
The disk is placed in an electrically shielded measuring cell 
which is evacuated and heated ( - 380 OK) overnight to re-
move water vapor from the system. The cell is then filled 
with dry helium to improve heat transfer and minimize tem-
perature gradients. The specimen is then connected to an 
electrometer, 15 cooled to -100 OK, and a dc field applied, 
Fig. 1, heated at any convenient constant rate (-0.07 °K/s) 
while the current is recorded on an X- Y recorder. 
The accuracy of the electrometer was ± 2% offull 
scale for 1.0x 10 - II to 0.3 A and ± 4% offull scale for 
1 X 10 - 14 to 3 X 10 - 12 A. The temperature was measured 
with a chromel-alumel thermocouple in contact with un-
coated portion of the glass disk. The temperature accuracy 
was ± 1 OK for heating rates of 0.07 °K/s. The error in the 
TEMpOK 































FIG. 3. dc conductivity of sodium silicate glasses determined by various 
methods. (_.-.-._) from TSPC, O-from Ref. I,D-from Ref. 2, ·-from 
Ref. 3, O--from Ref. 4, LI-from Ref. 5, and v-from Ref. 6; curve A for 
25Na, O·75SiO" curve B for 12 Na, O·SSSiO" curve C for 
SNa, O.92SiO" curve D for 4Na, O·96SiO, (922 OK, Ih), and curve E for 
4Na,O·96SiO, (903 OK, S-i h). 
activation energy determined from the linear portion of the 
TSPC-2 curve was less than ± 0.5 kcal/mol. A more de-
tailed description of the procedures and apparatus is given 
elsewhere. 13 
III. RESULTS AND DISCUSSION 
A. Guard rings 
A 25Na2 O· 75Si02 (mol %) glass was used to determine 
the necessity of guard rings since this glass has a low chemi-
cal durability and its surface conductivity could vary signifi-
cantly upon contact with moisture. There was no detectable 
difference in the TSPC, with and without guard rings, when 
the cell containing the specimen was evacuated (35pm Hg) 
and held at - 380 OK overnight before filling with dry heli-
TABLE I. Activation energy (Ea) and preexponential factor (0"0) for conductivity of sodium silicate glasses as determined by TSPC and as or dc techniques. 
TSPC method 
Glass composition (mol%) Ea 0"0 
4Na,O·96SiO, (922 OK, I h) 26.5 13.S0 
4Na,O·96SiO, (903 'K, S.!. h) 27.0 15.11 
6 
4Na,O.96SiO, (S73 OK, S h) 
5Na,O·95SiO, 
5Na,O·95SiO, (973 OK, 4 h) 
7.9Na,O·92.ISiO, 
SNa,O·92SiO, 17.9 22.75 
11.9Na,O·SS.ISiO, 
12Na,O·SSSiO, 15.6 17.94 
25Na,O·75SiO, 14.9 44.IS 
25Na,O.75SiO, 
25Na,O.75SiO, 
Ea :kcallmol 0"0 : (n cm) ~ I 
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FIG. 4. dc conductivity oflead silicate glasses. ( ..•...• ) from TSPC, \1 and A 
for 30PbO· 70Si02 ,.:1 and B for 3SPbO.6SSi02 , 0 and C for 4OPbO·60Si02 ' 
"* and D for 45PbO·55Si02 and 0 and E for SOPbO·50Si02 • All points are 
from Ref. 7. 
um. All data reported herein are for specimens measured 
without guard rings and from the TSPC-2 curves, Fig. 1. 
B. Effect of applied field 
The field strength for conventional dc techniques (50-
200 V fcm) is relatively small compared with that for the 
TSPC technique (700-3000 V fcm). Figure 2 shows the con-
ductivity for two sodium silicate glasses measured with dif-
ferent field strengths. Obviously, the differences in conduc-
tivity are small and well within experimental error. Higher 
fields were used for the low-conductivity glass at low tem-
peratures where the noise level ( - 1 X 10 - 13 A) is relatively 
FIG. 5. dc conductivity of sodium borate glasses. ( ..•.•.. ) from TSPC,.:1-
from Ref. 10, \1-and D-from Ref. 11; A for 4Na2 0·96B2 °3 , B for 
8Na2 0.92B2 °3 , C for l2Na2 0·88B2 °3 , and D for 16Na2 0·84B2 °3 , 
large compared to the TSPC. Good reproducibiity was 
obtained. 
C. Conductivity determined by TSPC 
Figure 3 compares the conductivity of various sodium 
silicate glasses determined by TSPC with that measured by 
other dc or ac techniques. 1-6 The activation energy Ea and 
preexponential factor 0'0 calculated by least-squares analysis 
of the TSPC data are listed in Table I along with other re-
ported values. The nonlinear portion of the conductivity 
curve A above - 400 OK in Fig. 3 clearly indicates where 
electrode polarization becomes significant. A specimen 
wherein significant electrode polarization has developed 
should not be used for further measurements since erroneous 
TABLE II. Activation energy (Ea) and preexponential factor (ao) for conductivity of lead silicate glasses as determined by TSPC and ac or de techniques. 
TSPC method Other methods 
Glass composition (mol%) Ea ao Ea ao Technique Reference 
30PbO·70Si02 28.4 5.63 This work 
30PbO·70Si02 29.3 de 7 
30PbO· 70Si02 28.4 1.0 de 8 
30PbO· 70Si02 31.1 5.7 9 
3SPbO.65Si02 27.0 8.09 This work 
3SPbO·65Si02 28.0 dc 7 
35.7PbO·64.3Si02 27.7 1.0 dc 8 
4OPbO·60Si02 26.5 8.06 This work 
4OPbO·6QSi02 27.7 de 7 
4OPbO·60Si02 29.2 20.6 9 
44.3PbO·55.7Si02 26.5 4.2 de 8 
45PbO·5SSi02 24.6 9.68 This work 
45PbO·SSSi02 26.0 de 7 
50PbO·50Si02 25.1 10.79 This work 
50PbO·50Si02 26.3 de 7 
50PbO·50Si02 25.6 4.0 dc 8 
50PbO·50Si02 28.3 42.0 9 
Ea :kcal/mol ao: (il em) -1 
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TABLE III. Activation energy (Eo) and preexponential factor (0'0) for conductivity of sodium borate glasses as determined by TSPC and ac or dc techniques. 
TSPC method 
Glass composition (mol%) Eo 0'0 
4Na2 0·96B2 0, 30.3 1.78 
5Na2 0·95B2 0 , 
8Na2 0·92B2 0, 31.7 24.35 
IONa2 0.90B2 0, 
IONa2 0·90B, 0, 
12Na2 0·88B, 0 , 28.6 29.60 
15Na2 0·85B2 0, 
15Na2 0·85B2 0, 
16Na2 0·84B, 0, 26.0 29.43 
16Na2 0·84B2 0, 
Ea: kcallmol 0'0: (11 cm) -- I 
data may result from the nonreversible character of this 
polarization. 
Similar data for lead silicate glasses are shown in Fig. 4. 
The TSPC results are again in good agreement with conven-
tional dc measurements. 7-9 The activation energy and the 
preexponential factor determined from TSPC are listed in 
Table II. 
Table III and Fig. 5 show the activation energy, preex-
ponential factor, and conductivity for sodium borate glasses 
determined by TSPC, ac, 10 and dc 11,12 techniques. The 
16Na20.84B20 3 glass specimens used for the TSPC and ac 
measurements 16 were from the same melt and the results are 
in excellent agreement. 
The advantage of the TSPC technique over commonly 
used ac and dc techniques is clearly demonstrated for the 
4Na2 0·96B2 0 3 glass, Fig. 5. The conductivity ofthis glass 
at its softening point ( - 493 OK) is - 3 X 10 - \3 (fl cm) - 1. 
With conventional ac methods it becomes increasingly diffi-
cult to measure the conductivity at even lower temperatures, 
below the glass transformation temperature, in order to cal-
culate the activation energy for such a glass. These low con-
ductivities are easily measured by the TSPC technique and, 
furthermore, the conductivity can be measured over an in-
terval of several hundred degrees in about 2 h. 
IV. CONCLUSIONS 
The excellent agreement between the dc conductivity 
calculated from the TSPC-2 curves and that obtained by ac 
and dc techniques shows that the TSPC technique is an accu-
rate and sensitive method of measuring low conductivities 
[10 - 15_10 -7 (fl cm) - 1] without the necessity of guard 
rings. Surface conductance is not a problem so long as the 
measuring cell is keptfree of water vapor. This can be 
achieved by an initial vacuum bake out and filling the cell 
5355 J. Appl. Phys., Vol. 50, No.8, August 1979 
Other methods 
Ea 0'0 Technique Reference 
This work 
35.6 371.5 dc 12 
This work 
32.3 107.2 dc 12 
33.5 dc II 
This work 
28.0 76.9 dc 12 
26.5 dc II 
This work 
25.5 4.5 ac 10 
with a gas passed though a liquid-nitrogen trap. The useful-
ness of the technique is demonstrated by the measurements 
on a 4Na2 0·96B2 0 3 glass where conventional ac tech-
niques could not be used. The limitation of the technique is 
that it cannot be used at temperatures where electrode polar-
ization is rapid, which in the glasses investigated was at 
:> 10 - 7 (fl cm) - 1. However, the development of electrode 
polarization is easily recognized in the TSPC curve. 
ACKNOWLEDGMENTS 
The lead-silicate glasses were provided by D.L. Kinser, 
Vanderbilt University; the 4Na2 0·96Si02 and 12Na2 0-
.88Si02 glasses were provided by M.B. Field, Owens Illinois 
Corp., and the 8Na2 0.92Si02 glass was provided by J.E. 
Shelby, Sandia Labs. This work was partially supported by 
NSF Grant DMR-77-13002. 
IR.H. Redwine and M.B. Field, J. Mater. Sci. 4, 713 (1969). 
'V.K. Leko, Structure a/Glass, Vol. 7 (Consultants Bureau, New York, 
1966), p. 96. 
'Y. Haven and B. Verkerk, Phys. Chern. Glasses 6,38 (1965). 
'H.E. Taylor, J. Soc. Glass Techno\. 43, 124-T (1959). 
'V. Provenzano, L.P. Boesch, V. Volterra, CT. Moynihan, and P.B. Ma-
cedo, J. Am. Ceram. Soc. 55, 492 (1972). 
'c. Lim and D.E. Day, J. Am. Ceram. Soc. 60,198 (1977). 
'D.L. Kinser and J.M. Lee (private communication). 
'B.M. Cohen and D.R. Uhlmann, J. Non-Cryst. Solids 12, 177 (1973). 
'J.A. Topping and M.K. Murthy, J. Am. Ceram. Soc. 57, 281 (1974). 
1°Y.H. Han, N.J. Kreidl, and D.E. Day, J. Non-Cryst. Solids 30,241 (1979). 
11K. Matusita, M. Ito, K. Kamiya, and S. Sakka, Yogyo Kyokai Shi 84, 496 
(1976). 
12K. Kadota, Thesis, Tokyo Institute of Technology, 1972. Cited by H. 
Namikawa, Researches of the Electrotechnial Laboratory No. 757, p. 15. 
llC.M. Hong and D.E. Day, J. Mater. Sci. (to be published). 
"D.L. Kinser and L.L. Hench, J. Am. Ceram. Soc. 52, 638 (1969). 
I 'Model 610 B, Keithley Instruments, Cleveland, Ohio. 
I'Model B224 Universal Bridge, Wayne-Kerr, Survey, England. 
C.M. Hong and D.E. Day 5355 
